Abstract: Nanoscale graphene oxide (NGO) has great potential in biomedicine by the virtue of its facile functionalization and tunable characteristics. Toxicity assessments have therefore become essential prior to its biomedical applications. This study examined the effects of NGO exposure on male reproductive function of adult Wistar rats. Rats were exposed intraperitoneally to three increasing doses, namely low-dose (0.4 mg/kg BW), mid-dose (2.0 mg/kg BW) and high-dose (10.0 mg/kg BW) of NGO. Repeated exposure of NGO for 15 and 30 days resulted in decreased epididymal sperm counts and elevated sperm abnormalities. Percentage of motile sperms was also significantly reduced due to the exposure. Activities of SOD, GPx and malondialdehyde concentration in the testes increased in a dose-specific manner. Results of the study demonstrated that high-dose of NGO resulted in considerable histological damage to testicular tissue which included atrophy of seminiferous tubules with reduction in germinal epithelium, germ cell loss and vacuolization. Low and mid-doses of NGO were not associated with sperm dysfunction or testis damage. Withdrawal of treatment for 30 days demonstrated significant recovery potential. Histology of epididymis and male fertility potential were not affected due to the NGO exposure. These findings are important for assessment of the risk involved in manufacturing, use and processing of the graphene oxide-based materials towards male reproductive function.
Nano-graphene oxide (NGO) can be viewed as a graphene monolayer sheet whose basal plane and the edges are heavily decorated with oxygen-containing functional groups. Unlike pristine graphene monolayer, NGO has somewhat disordered and defective two-dimensional honeycomb carbon lattice [1] . In the last few years, NGO has received renewed and increasing attention mainly because of two reasons. Firstly, it is seen as a precursor for creation of graphene and graphene-related materials [2] , and secondly, it has many unique intrinsic properties suitable for biomedical purposes [3] . It has two aromatic planes which can adsorb aromatic drugs and molecules. Gao et al. [4] conjugated magnetic and fluorescent silica microspheres on graphene oxide by amidation. Doxorubicin was loaded onto the graphene oxide planes, and anticancer activity was tested on human liver hepatocellular carcinoma cell line [4] . NGO shows photoluminescence due to the presence of defective lattice structure. This property can be exploited in bio-imaging. For instance, Sun et al. [5] identified B-lymphoma cells using photoluminescent PEGylated graphene oxide. Toxicity studies have therefore become essential before it is applied in biomedicine.
Studies regarding toxicokinetics of NGO have demonstrated that it is absorbed from exposure sites such as respiratory epithelium and peritoneal cavity. It is transported across epithelia to various organs through general circulation and has been reported to accumulate in tissues [6, 7] . Accumulated NGO may be modified or degraded in tissues or may be cleared from accumulation sites. There are only few reports on biodegradation of NGO. NGO undergoes slow and gradual metabolic transformation in organs especially in tissue macrophages [8] . NGO, thus, has a substantial toxicity potential. Furthermore, graphene oxide microsheets have sharp edges which can penetrate into cells and can result in systemic toxic effects [9] . NGO at a dose level of 0.4 mg/mouse induced chronic toxicity and affected major organs such as liver, lung, spleen and kidney after tail vein administration [10] . Reports on reproductive toxicity are very limited despite its high relevancy. Using different mutant strains of the nematode Caenorhabditis elegans, Wu et al. [11] demonstrated that NGO exposure adversely affected the reproductive function. Chen et al. [12] have found that NGO translocated into embryonic organs and interfered with their development in zebrafish. NGO was shown to induce a high level of oxidative stress in eye, heart and yolk sac regions [12] . It remains to be explored whether NGO induces toxicity by direct interaction to cellular components or by any indirect mechanism. Testicular toxicity was examined in this study after intraperitoneal exposure of NGO in relation to its dose. The effects on epididymal histology and male fertility potential have also been studied.
to validate the specifications provided by the supplier (see Figure S1 ). NGO was suspended in autoclaved normal saline with 0.1% Tween-80 in ultrasonicator (Labman-probe sonicator, PRO-250) before animal administration.
Animal handling and administration of NGO. Healthy adult male Wistar rats (age: 10-12 weeks) were used for the study. The animals were kept at 25 AE 2°C temperature (relative humidity 33-40%) and 12-hr light-dark cycle. Water and standard laboratory rat diet (Ashirwad Pvt Ltd, Chandigarh, India) were given ad libitum. The study was conducted with the consent of the institutional ethics committee. Rats were exposed intraperitoneally to NGO in three administration schemes: firstly, seven repeated doses on alternate days for 15 days (fig. 1A, AS1) ; secondly, 15 repeated doses on alternate days for 30 days (fig. 1B, AS2) ; and thirdly, 15 repeated doses on alternate days for 30 days with a recovery period of 30 days ( fig. 1C,  AS3 ). In each administration scheme, three different concentrations of NGO, that is 0.4 mg/kg BW (low-dose or LD group, N = 6), 2.0 mg/ kg BW (mid-dose or MD group, N = 6) and 10.0 mg/kg BW (highdose or HD group, N = 6), were tested. The control group received only vehicle (normal saline with 0.1% Tween-80). Animals were killed by cervical dislocation at the end of treatment schedule.
Epididymal sperm parameters. Sperm motility was examined according to Prasad [13] . Viability assay and counting of sperms were performed by the method described by Sahoo [14] . The sperm samples were stained with 1.0% Eosin Y and smeared on glass slides for microscopic examination of morphology of sperms. Scoring was performed at 4009 magnification. The sperm abnormalities were classified according to the classification scheme of Wyrobek and Bruce [15] .
Reproductive hormones. Serum concentrations of testosterone, luteinizing hormone (LH) and follicle-stimulating hormone (FSH) were assayed by chemiluminescence immunoassay (CLIA) commercial kits (Autobio Diagnostics Co., Ltd, Zhengzhou, China) according to the manufacturer's protocol. The chemiluminescence was quantified in chemiluminescence immunoassay analyzer (LUmo; Autobio Labtec Instruments Co., Ltd, Zhengzhou, China).
Oxidative stress markers in the testes. Testis was homogenized to obtain crude homogenate and was further processed to isolate mitochondrial fraction in accordance with the procedure described by Sahoo [14] . Mitochondrial fraction was used for determination of superoxide dismutase (SOD) [16] , glutathione peroxidase (GPx) [17] and glutathione-S-transferase (GST) [18] activities. Malondialdehyde (MDA) concentration was quantified in crude homogenate [19] . Total protein was quantified in crude homogenate and mitochondrial fraction both by the Lowry et al. [20] method.
Histology and histomorphometry of testes and histology of epididymis. Fixation of tissues was performed with Bouin's solution for 24 hr followed by removal of excess fixative by washing in running water. Series of alcohol grades were used for dehydration. The tissues were then embedded in paraffin, and sections (4-5 lm) were cut by a microtome. Haematoxylin and eosin (H&E) staining was performed. Slides were examined under light microscope (DM 1000, Leica Microsystems, Wetzlar, Germany) and photographed by attached digital camera (DFC 450C). Histomorphometric analysis was carried out on testis cross sections by the image analysis software ImageJ 1.50b (National Institutes of Health, Bethesda, Maryland, USA).
Fertility analysis. For male fertility evaluations, each rat treated according to administration scheme 2 was kept with two virgin females until copulation or for a maximum of 10 days. Mating was confirmed by the presence of vaginal plugs or presence of sperms in vaginal smears. After successful mating, males were separated and females were kept for spontaneous delivery. The day of delivery was considered as postnatal day 0 (PND 0). Litter size and numbers of dead and live pups were examined on PND 0 and PND 4.
Statistical analysis. Statistical analysis was carried out using one-way and/or two-way analysis of variance (ANOVA), followed by Tukey's multiple comparison test to identify significantly different groups (GraphPad Prism, v 6.01). Values of p < 0.05 were considered significant.
Results
General health indicators, namely daily water intake, daily food consumption, body-weight gain, testis index and epididymis index, were measured ( fig. 1 ). Rats continued to consume normal amounts of water and food throughout the experimental period ( fig. 1D ,E). The exposure did not affect the body-weight gain or organ indices ( fig. 1F-H) . The percentage of motile sperms in treated rats from AS1 was comparable to that of control group rats. However, a significant decrease in sperm motility was found in rats exposed to 10.0 mg/kg BW NGO in AS2 ( fig. 2A ). In AS1, a significant decline in total sperm counts was recorded in the high-dose group animals. In AS2, mid-dose and high-dose of NGO resulted in reduced sperm counts, while effects due to lowdose exposure were not significant ( fig. 2B ). The sperm motility and counts were restored post-recovery period. The exposure to NGO did not alter viability of sperms in any of the 2C ). Changes in sperm morphology remained insignificant at low and mid-doses of NGO but significant at high-dose in the treated rats from AS2 (figs 2D and 3A-I). Serum testosterone concentrations in treated rats from all administration schemes were found to be insignificantly different from those of the control. Likewise, LH and FSH levels also showed insignificant deviations when compared to the control group animals ( fig. 4A-C) . SOD activity was significantly increased in the testes of rats treated with mid-dose and high-dose of NGO for 30 days as compared to the control. As shown in fig. 5A , low and mid-doses from AS1 as well as low-dose from AS2 did not affect SOD activity significantly. Similar results were observed in GPx activity ( fig. 5B ). Changes in GST activity were not found to be statistically significant after NGO exposure in any of the administration scenarios ( fig. 5C ). MDA concentration in the testes was higher in AS2 at 10.0 mg/kg BW dose level, while changes at lower doses in both AS1 and AS2 were insignificant when compared to those of the control group animals ( fig. 5D ).
Results from the third exposure scenario revealed insignificant changes in oxidative stress parameters in the testes after NGO treatment.
Histological examination revealed that graphene oxide exposure was associated with structural damage in the testicular tissue in high-dose-treated rats in both AS1 and AS2. In administration scheme 1, testis sections from the LD and MD group rats did not show any significant damage in germinal epithelium or interstitium ( fig. 6B,C) . The HD group from AS1 demonstrated signs of damage with isolated presence of atrophied seminiferous tubules; however, the number of abnormal seminiferous tubules was statistically insignificant (fig. 6D ). In AS2, the LD group did not exhibit any obvious signs of structural damage ( fig. 6F ). In the MD and HD groups, the number of atrophied seminiferous tubules increased in a dose-dependent manner (figs 6G,H and 7A). The abnormal tubules possessed disoriented germinal epithelium with frequent vacuolization. Reduction in the height of germinal epithelium was observed ( fig. 7B ). Average numbers of spermatogonia and spermatids were reduced significantly in high-dose-treated rats in AS2 ( fig. 7C,D) . Histology of testes from administration scheme 3 demonstrated evident recovery potential. The damage showed marked recovery signs with only few instances of vacuolization (figs 6I-L and 7). Histology of epididymis was found to be unaffected by NGO exposure in rats at any of the dose levels tested ( fig. 8A-L) . Exposure to NGO for 30 days did not affect the mating behaviour and fertility of male Wistar rats (table 2).
Discussion
The current study was undertaken to investigate the effects of NGO exposure on testes and fertility of adult Wistar rats. Intraperitoneal administration of NGO at 0.4, 2.0 and 10.0 mg/kg BW dose levels did not affect daily water and food intake, body-weight gain and organ weight indices of the rats ( fig. 1 ). Visual inspection of intraperitoneal cavities of treated rats during autopsy revealed that NGO was cleared almost completely from the intraperitoneal cavity (see Figure S2 ). General behaviour of rats was not significantly affected during the exposure period, although aggressiveness, change in gait, lethargy and piling behaviour demonstrated some correlation with dose levels (see Table S1 ). This may be due to the increasing load of NGO suspension in the intraperitoneal cavity. The trauma of injection may be another factor for animal aggression and piling. Collectively, in our experimental conditions, intraperitoneal exposure of NGO did not result in significant alterations in general health parameters.
Results of the current study demonstrated a dose-dependent reduction in total sperm count after 15 and 30 days of exposure to NGO. Motility of sperms was diminished in a similar fashion. Morphological abnormalities in sperms were elevated significantly in the high-dose group of AS2. Reduction in total sperm count reflects that less sperms were produced in the testes. There can be several explanations for less sperm production such as loss of spermatogonia, arrest of cell cycle and death of intermediate stages of sperm formation. Histological evaluation of testis cross sections did reveal structural damage to seminiferous tubules in the case of exposed rats. Histomorphometric analysis also showed reduction in the number of spermatogonia and spermatids as depicted in fig. 7 . Recovery of effects also suggests that if the structural damage is repaired, sperm parameters return to near-normal levels. Elevated morphological abnormalities and impaired sperm motility can be explained by taking oxidative stress into consideration. As discussed later, NGO generated oxidative stress in the testes. Oxidative stress leads to oxidation of cell membrane lipids which are rich in polyunsaturated fatty acids. As a subsequent response, intracellular adenosine triphosphate (ATP) is rapidly lost from sperms causing axonemal damage.
Such an effect is directly related to increased morphological abnormalities and sperm motility [21] .
Reduced sperm counts, diminished sperm motility and elevated sperm abnormalities all are the signs of defective spermatogenic process. Spermatogenesis must be maintained and regulated for the production of healthy sperms. It is affected by several endogenous factors, such as sex hormones, temperature and the pro-oxidant/antioxidant balance, and exogenous factors, such as lifestyle, environmental toxicants and nutrition [22, 23] . Examinations in the present study showed that serum concentrations of reproductive hormones were unaltered after NGO treatment (fig. 4) . These results are in agreement with the reports of Liang et al. [24] where testosterone levels were found to be unaffected in serum of adult male mice treated with 25 mg/kg BW dose of NGO. We further analysed the activities of major antioxidant enzymes in the testes to understand the possible factors behind the observed toxic effects due to NGO exposure. Results of biochemical analyses in the current work indicated that activities of SOD, GPx and GST were elevated significantly in treated animals in a dose-dependent fashion ( fig. 5A-C) . Most reports in the literature agree that toxicity of NGO is mediated by oxidative stress. The peripheral blood mononuclear cells were incubated with Maura reduced graphene oxide, and ROS generation was assayed. A significant increase in free radical generation was observed, which correlated with reduced cell proliferation and increased cell death [25] . Another study in mice proved that intratracheally instilled graphene oxide resulted in a dose-dependent increase in SOD and GPx in the lung [7] . NGO is capable of inducing oxidative damage to cells even without entering inside them. This may be a result of cell membrane alterations due to surface interactions with Data in mean AE S.D. 1 Mating index (%) = (no. of females mated/no. of animals cohabited) 9 100. 2 Fertility index (%) = (no. of pregnant females/no. of females with successful mating) 9 100. 3 Pregnancy index (%) = (no. of females that delivered offspring/no. of pregnant females) 9 100. 4 Live birth index (%) = (no. of live offspring/no. of offspring delivered) 9 100. 5 Four-day survival index (%) = (no. of live offspring on postnatal day 4/no. of live offspring at birth) 9 100.
NGO. Surface alterations may lead to disturbance in membrane polarity and/or permeability. NGO has been shown to interact with RBC outer membrane by electrostatic interactions which enhance haemolysis [26] . It is evident from AS3 that oxidative stress in the testes was returned to normal level after withdrawal of NGO treatment in all cases (Fig. 5) . The recovery of toxic effects may result from clearance of NGO from testicular tissue with time. It is also possible that accumulated NGO may become modified inside tissues or cells to less toxic forms. However, such possibilities need to be studied in greater depth for validation. Elevated oxidative stress has been associated with reduced steroidogenesis, germ cell loss, germ cell apoptosis and disruption of germinal epithelium [27] [28] [29] . In our study, NGO exposure induced considerable oxidative stress in the testicular tissue. Elevated antioxidant enzyme activities indirectly suggest increased presence of ROS in the testicular tissue. Increased production of ROS also leads to increased presence of MDA due to lipid peroxidation in the tissue. Observations of histopathology, which show considerable tissue damage in the testes, are consistent with oxidative stress data. Affected tubules showed tubular atrophy and possessed germinal epithelium with loss of germ cells and overall integrity. These effects were found to be repairable after a recovery period of 30 days. Our results do not match with those of the study by Liang et al. [24] . The group showed that 25 mg/kg BW of NGO via intra-abdominal route did not induce histological damage in the testes or epididymis. However, NGO has been associated with significant tissue damage in other organs such as lung, liver and spleen [10, 30] .
In our study, epididymal histology showed little alterations in treated rats as compared to the control rats ( fig. 8A-L) . The observations suggest that NGO exposure did not produce toxicological injuries to the sperm storage organ. Also noteworthy is the fact that viability of sperms was found to be normal ( fig. 3C ), which is largely influenced by the storage environment in the epididymis. Evaluations of fertility potential demonstrated that paired female rats successfully delivered healthy pups. The live birth indices and 4-day survival indices were comparable to those of the control group wherein untreated male rats were paired with healthy female rats. Our study is in agreement with the study by Bai et al. [31] showing that functionalized MWCNTs did not affect fertility of treated rats. A study in C. elegans, however, described that NGO had produced highest reproductive toxicity among other graphene family nanomaterials tested [32] . Another study also in the nematode C. elegans by Wu et al. [11] demonstrated that NGO exposure adversely affected the reproductive function.
Conclusion
Adult male Wistar rats were exposed to repeated doses of NGO for 15 days and 30 days. Results of the study demonstrated that (1) intraperitoneal exposure to NGO at 10.0 mg/kg BW reduced sperm motility and total sperm count while increased sperm abnormalities; however, lower doses, that is 0.4 mg/kg BW and 2.0 mg/kg BW, produced little or no impact; (2) unlike 0.4 and 2.0 mg/kg BW, treatment with NGO at 10.0 mg/kg BW dose level induced histological damage to testicular tissue after 7 and 15 repeated doses while did not affect epididymal histology significantly in any of the treated group; (3) alterations in structure and function of testes showed a significant recovery in a period of 30 days; (4) oxidative stress was elevated in the testes of treated rats as compared to the control group in a dose-and time-dependent manner, which suggests a possible mechanism for observed toxicity due to NGO exposure in the testes of Wistar rats; and (5) fertility of male rats was not affected after NGO treatment. These findings are important for the assessment of risk towards male reproduction function involved in manufacturing, use and processing of the graphene oxide-based materials.
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